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Abstract

A radioactive 226Ra (t1/2 = 1600 yrs.) target was used to study the
226Ra(a,t)227Ac and 226Ra(3He,d)227Ac reactions at an incident energy of 30
MeV for both the a and 3He particles, These measurements have confirmed most
levels observed in earlier decay scheme studies, and give evidence for 11
additional levels. Several of the new levels were used in the tentative
assignment of two K" = 5/2% bands. The experimental data are compared with
results from the Nilsson model and a non-adiabatic rigid reflection-asymmetric
rotor (octupole) model. Although the order and spacing of levels in this mass
region can be explained better by models which include an octupole
deformation, the spectroscopic strengths in 227Ac are in better agreement with

those calculated for the reflection-symmetric potential.

PACS INDEX: 27.90+b; 25.55.Ek

NUCLEAR REACTIONS 226Ra(a,t) and 226Ra(3He,d), E = 30 MeV; measured o(8).
227Ac deduced levels, J, n. Nilsson model reflection-symmetric and Leander

model reflection-asymmetrié calculations.
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I. INTRODUCTION

When very low-lying negative-parity states were discovered in the radium
region? during the mid 50's, the possibility of nuclei having stable octupole
deformation was considered.2 In the reglon of nuclei just beyond the double-
closed shells of 208Pb, the 8g/2 and 315/2 neutron- and the f7/2 and 113/2
proton-levels are energetically very ciose together, Couplings among fhese
orbitals give rise to low-energy I"™ = 3~ two-quasiparticle configurations and
a superposition of these configurations could form the microscopic basis for
stable octupole deformations.3

In 1980, one of us showed" that inciplent octupole deformation effects
give rise to parity doublets in many odd nuclides of this mass region,
including 227ac. Subsequently, Moller and Nix’ calculated a minimum in the
nuclear potential-energy surface for non-zero octupole deformation. The
lowering of the ground-state energy due to additional stability coming from
octupole deformation improved the agreement between calculated and
experimental masses in the region around 222Ra. More recently several other
calculat,ions6'7'8 have confirmed this minimum in the potential energy surface.

Leander and Sheline9 have developed a model with either strong or
intermediate coupling which takes into account the parity decoupling
explicitly and tested its predictions against a number of odd-A nuclides
ineluding 227Ac.

Using a Skyrme III interaction, in a Hartree-Fock plus B.C.S. approxi-
mation, Bonche, et al.?0 obtain a potential minimum at non-zero octupole
deformation for 222Ra. The minimum from calculations by Nazar‘ewicz7 that use
a beta parameterization and calculations by Chasman?1 that include 26 pole
deformation show a somewhat smaller lowering of the ground-state energy due to

octupole geformation. A shallow minimum might imply the breakdown of a mean-

field description of octupole deformation.



These theoretical studies have inspired experimental searches for stable
octupole deformation in the mass region 220 < A < 230 even though target
materials are unstable and radioactive sources have short half-lives. The
first experimental confirmation of octupole deformation came from the
observation?2 of the predicted" ground-state parity doublet in 229Pa. This
was soon followed by the study of 227Ac._13

In addition to parity doublets, the different parity states of K = 1/72%
bands are expected to have decoupling parameters with the same absolute value
but with opposite sign in the static octupole deformation limit.g'?3'?u Other
predictions of a static octupole picture are (1) the magnetic moments of
parity doublet states are identical,9 (2) E1 and E3 transition rates are
enhanced in such bands,9 and (3) reduced alpha-decay rates to both members of
a parity doublet are identical.9 In many-body calculations,u there is a
separate solution for each value of the parity. One finds here a tendency for
the two decoupling parameteés to approach each other in magnitude, but there
is seldom the equality that is characteristic of the static picture. In this
picture, one also expects to see relatively larger differences in the
a-decay hindrance factors to the positive and negative parity band members for

even nuclides in comparison to odd nuclides.9

In this report, 227Ac has been studied with reaction spectroscopy to
further test the picture of static octupole deformation in this nucleus.
Earlier work on 227Ac is summarized in the nuclear data compilation of

Maples.?5 Subsequently, Teoh et al.?6 and Anicin et al.?

7 per-
formed additional decay-scheme experiments. With information combined from
these studies, three rotational bands have been assigned in 227Ac (refs. 15,

16, 17): a 3/2° ground-state band, a 3/2+ band at 27.37 keV, and a decoupled

K" = 1/2f,band with the lowest level at 330.02 keV having I = 3/2. Sheline



and Leander?3 have recently reinterpreted the decay-scheme data and provide
evidence for an additional K" = 1/2* band starting with a 5/2% level at 425.65
keV. 1In their paper, it is pointed out that the approximately degenerate

K" = 3/2‘t bands approach closely the properties expected for a stable
octupole-deformed core. However, the experimental energies and decoupling
parameters of the K" - 1/2i bands differ from the values predicted by the
limit of a stable octupole shape (strong coupling) and instead are
characteristic of a weak coupling to the octupole-deformed core of the
reflection symmetric 1/27[530] and 1/2%[660) Nilsson orbitals.

By contrast, the a-decay of 23?Pa into both bands of the proposed 1/72%
parity doublet in 227Ac show39 that the parity-changing a-transitions are
reasonably favored (HF = 15) relative to the natural-parity transitions (HF =
1). Remembering that for reflection symmetric deformed actinides favored
a-transitions occur between similar intrinsic configurations (in odd-A nucleil
from the parent ground state to the band of the same single-particle state in
the daughter), these results seem to suggest that the parity doublet is
related to a single intrinsic configuration. Opposite parity states in odd-A
nuclel in the region around A = 240 routinely have hindrance-factor ratios of
several thousand, when one state is allowed and the other is not. Thus, it is
still an open question whether the K" = 1/2i parity doublet in 227Ac results
from a static octupole deformation.

A measurement of the E1 transition rate between the 3/2+ and 3/2° ground-
state doublet in 227Ac shows that there is no enhancement of the E1 rate, as
predicted and observed in other nuclei in this r'egion.?8 On the other hand,
the magnetic moments for the 3/2+ and 3/2° parity doublet at and near the

ground state in 227Ac have been shown within experimental limits to be

identical;?3



The theoretical treatment of the low-lying spectrum of 227Ac until quite
recently has been based on the use of the Nilsson orbitals 3/2 [532],
3/2*[651], and 1/27[530], which assumes that the nucleus has only a prolate
deformation. It is, however, very difficult to reproduce the Nilsson level
order with a simple prolate potential. Furthermore, magnetic moments and
decoupling parameters generally disagree with the Nilsson model predictions.

in the present work, spectroscopic strengths of 227Ac levels populated by
single-proton stripping reactions have been examined to provide an additional
test for the presence of static octupole deformation. It is well known?9 that
for such reactions the cross sectioné to the various members of a rotational
band in an odd-A nucleus are directly proportional to the corresponding "shell
model™ amplitudes in the intrinsic state on which the band 1is based.
Therefore, in principle, it is possible to determine these amplitudes from the
experimental cross sections (subject to uncertainties introduced due to
incomplete knowledge of the reaction process, etc.). In particular, for
certain intrinsic states, it might be expected that the wavefunction
amplitudes, and hence the corresponding experimental cross sections, could be
changed significantly by the presence of an octupole deformation. For
example, in the absence of an octupole shape the lowest positive-parity band
in 22Tpc would be interpreted as the 3/2*[651] Nilsson orbital, which
originates from the 113/2 shell model state and therefore has a large
amplitude [Cy,| for j - 13/2. Calculations by Chasman?® predict a value of
sz = 0775 for j = ?3/2 if the octupole deformation is 83 = 01 However,

Ciz = 0115 for 33 = 0.1, a value considered likely in this region..9 The
measurements described in this report were undertaken in the hope of exploit-

ing such differences of CJ! values to test for the presence of a static

octupole deformation,



I1I. EXPERIMENT
A. Data Acquisition and Results

The 226Ra(a,t)227Ac and 226Ra(3He,d)227Ac reactions were performed at the
McMaster University Tandem Accelerator Laboratory. In separate experiments,
beams of a- and 3He-particles were accelerated to an energy of 30 MeV and were
focussed onto a radioactive 226Ra (t1/2 = 1600 yrs) target. The target was
supported by a carbon backing, and ffom elastic scattering yields, the
thickness of radium was estimated to be ~40 ug/cmz. The tritons and deuterons
emitted during the reactions were momentum analyzed by an Enge split-pole
magnetic spectrometer and detected by nuclear-emulsion plates mounted in the
focal plane of the magnet, The target was irradiated in the first set of
experiments by an ~325 nA a-particle beam for an average of ~12 hours per
spectrometer angle. In the second set of experiments, the same target was
irradiated by an ~510 nA 3He beam for an average of ~12 hours per angle. Data
were collected at angles of 40°, 60° and 70° for the (a,t) reaction, and at
angles of 27.5°, 45°, 70° and 75° for the (3He,d) reaction. The angles were
chosen so that particle groups from light impurities would be kinematically
removed from the regions of excitation energy which were of interest.

The 70° spectra for the 220Ra(q,t)?27ac and the 220Ra(3ne,d)227ac
reactions are shown in Fig. 1 and Fig. 2. The energy resolution in the
experiments ranged between 14-16 keV for the (a,t) runs and between 21-22 keV
for the (3He,d) runs, A summary of these results is presented in Table I.
Excitation energies were determined from a spectrograph calibration obtained
separately using aq-particles from a 212Pb source. The uncertainties on the
excitation energies are < 2 keV in the most favorable cases of large, resolved
peaks, but are greater for weak or poorly resolved peaks. The reaction yield
data measgred in the spectrograph at different angles were normalized to the

number of elastic-scattering events counted (with appropriate dead-time



corrections) in a solid state monitor detector placed at 29.5° with respect to
the beam. Absolute cross sections were derived by normalizing the monitor
elastic yields to DWBA (distorted wave Born approximation) calculationsz? of
the elastic-scattering cross section, using the known ratio of the monitor and
spectrometer solid angles. Optical-model potentials for the DWBA calculations

were the same as those used by E:lze.22

In the present studies, levels populated in the single-proton stripping
reactions are often separated by only a few keV; thus, a spectrum stripping
program23 was used to extract excitation energies and intensities from the
data. The complexity of the spectrum precluded the normal search-find-fit
technique which would generally be applicable in a well-resolved spectrum with
i1solated peaks. Therefore, to analyze each spectrum, peaks were fixed at
positions corresponding to well-known energy levels?s'?6'17 in 227Ac. The
analysis was started by constraining peak positions for a region containing a
fairly well-resolved and isolated peak group (e.g. group number 12 in Fig.

1). A symmetrical gaussian peak shape was used and the width parameter, g,
was obtalned by a best-fit procedure which allowed ¢ and the peak intensities
to vary. The remainder of the spectrum was then analyzed with this value of
0o, with fixed-position peak groups being removed or variable-position peak
groups being added one at a time as necessary to obtain the best fit.

As an example, Fig. 3 shows a region of the (a,t) spectrum taken at 70°
and centered about -350 keV (3a). Simply using the known levels does not give
a good representation of the data (3b), but by judiciously adding a reasonable
number of new peaks (3c¢), a good fit is achieved. In particular, it is clear
that new levels are needed at 316 and 372 keV (labeled as peaks 18 and 22 in
Fig, 3c¢c). The credibility of this procedure is strengthened by the fact that

similar rgsults were obtalined consistently from the (a,t) spectra at different



angles. In the (3He,d) spectra, however, the resolution was significantly
poorer, and the results of this type of analysis were more ambiguous.

Because the preparation of the target involved chemical purificationszu,
there was concern that any heavy mass contaminants would add spurious low-
intensity peaks to the spectra. These would not necessarily be easily iden-
tified because they would have a relatively small kinematic shift and might be
obscured by statistical fluctuations in the fitting procedure. Therefore,
226Ra(p,p') measurements were analyzed to check the elemental purity of the
target. These measurements were performed using a beam of 14.7 MeV protons
from the Princeton University cyclotron, and the reaction products were
analyzed with the Q3D magnetic spectrometer. Several light- and medium-mass
impurities were found, and effects due to these contaminants were easily iden-
tified as very broad peaks in the spectra. Figure 4 shows the 226Ra(p.P')
spectrum obtained at 90°. Using the tail of the elastic peak as an upper
limit, the maximum amount of heavy-element contamination of various masses is
estimated to be < 2% for A - 208; < 1% for A ~ 197; < 0,6% for A - 181; < 0.1%
for A ~ 169 and < 0.06% for A ~ 150. Furthermore, all the inelastic excita-
tions can be accounted for as levels in 226Ra (ref. 25). On the basis of

these data, virtually no interference from (a,t) or (3He,d) reactions on

daughter or other heavy-element impurities is expected.

B. Experimental Level Scheme for 227Ac

The results of the 226Ra(a,t)227Ac and 226Ra(3He,d)227Ac reactions show
that most of the known levels 1in 227Ac were populated, although in some cases
there were unresolved closely spaced levels. In addition, 11 new levels have
been located in the energy region below 1.1 MeV. This information is

summarizqg in Table I and in Fig. 5.
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The level assignments adopted in the present work are shown on the
spectrum of Fig. 1 and in Table I. Although Nilsson quantum numbers have been
used for labeling purposes, it is noted that if an octupole deformation exists
these labels are only approximate.

The 3/27[532], 3/2*[651], 1/27[530] and 1/2*[660] bands were assigned
previously,?3 and the spectroscopic strengths measured in this work provide
confirmation for the first three of these bands. The previously assigned band
members based on the 1/2'[660] hole state are expected to be weakly populated
in stripping reactions, as we observe. For this band the largest
spectroscopic strength should be located in the previously unassigned I = 13/2
member. A tentative assignment of this member to the newly observed level at
591 keV has been made, since the excitation energy and cross sections are
close to the expected values (see Section 1V).

It has been pointed out26 that either the state at 515.2 keV or the state
at 537.2 keV might be the 3/2" member of the 1/2*[660] band. Theory suggests
that an additional 3/2* band head should be observed in this energy region
populated with a larger cross section than the 3/2" member of the 1/2%[660]
band. The rationale in this study has been to test the existing assign-
ments.'3 Accordingly the 3/2% member of the 1/2*[660] band has been
associated with the 537.2 keV states.

There are only three levels below ~1 MeV remaining unassigned that have
reasonably large or moderate cross sections. These are at 317 keV, 373 keV,
and 527 keV. From a comparison of expected and observed cross sectiohs, these
have been placed in tentatively assigned 5/27[523] and 5/2*[642] bands (see
Fig. 8) for which the band heads are the previously-known levels at 273.13 keV
and 304.6 keV, respectively. The latter band also includes the newly observed

but weakly populated levels at 342 and 403 keV. The energy spacings within
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these bands are reasonable, and the comparison of observed and predicted

strengths used in these suggested assignments will be presented.

C. Determination of Spectroscopic Strengths

The differential cross section for a stripping reaction with an even-even

target, exciting a state with spin I, is given by
do/dg = (2I + y)N le¢1(e) ) (1)

where N is a normalization factor, SJ! is the spectroscopic factor, j = I, and
¢£(e) is the intrinsic single-particle cross section for the transfer of a
nucleon with orbital angular momentum £. The spectroscopic factor contains
all the nuclear-structure informaﬁion about the filnal states populated in the

reaction. With reference to Satchler,27 the spectroscopic factor is expressed

as

2
S, = (L aC )2, (2)

U
Je 21 +1 @ gJjwe a

where CJm are the spherical amplitudes of the Nilsson states, |N9>; ag are
the mixing amplitudes and UQ are pairing factors., In studies of deformed

nuclei the quantity (I ancJm UQ)2 is often called the nuclear-structure
Q

factor,

The computer code DWUCKZ? was used to calculate the various single-
particle cross sections, ¢2(e), necessary to describe the (a,t) and (3He,d)
reactions on 226Ra. The‘optical—model parameters were taken from Ref. 22.
Finite-range and non-local corrections were not included in the calcula-

tions. tpe DWBA cross sections were calculated for excitation energies of 0
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and 500 keV and a linear interpolation was used to determine the cross
sections for other excitation energies. A normalization factor of N = 6.14
for the (3He,d) reaction has been adopted based on observations over a wide
range of rare-earth and actinide nucle1.28'29 The normalization factor for
the (a,t) reaction is not well-established and the value needed to reproduce
known spectroscopic factors varies widely with small changes in the optical

parameters used for the DWBA calculations., To obtain N(a,t)' the ratio

K = N(a t)/N was evaluated by using Equation 1 and measured cross
’ .

(3He.d)
sections for the 9/2 (127-keV) and 13/2% (211-keV) states. This ratio
depends on the parameters used for the DWBA calculations but, if the two
states have been correctly assigned, it should be independent of any other
nuclear structure variables. Using the cross sections measured at the three
scattering angles for each reaction yields nine ratios, and these are shown
for comparison in Fig. 6. Excellent consistency 1s observed among all the
data points, which have the weighted-average value K = 17 + 2. Given this

result and the assumption that N = 6,14, a value of 104 is obtained for

(e, d)
Nia,t)"
In Table II the nuclear structure factors obtained from the (a,t) data are

compared with theoretical values to be discussed in the next section. The
experimental results shown are weighted averages of values from all the
angles. The (a,t) data were used for this purpose, rather than the (3He,d)
results, because the inherently better resolution permitted intensities for

more levels to be extracted from the spectra.

IV. DISCUSSION
A. Energy Level Systematics and Model Comparisons

An qurgy-level diagram for protons at By = 0.17 and Bu = 0,11 is shown in
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Figf 7 as a function of the octupole-deformation parameter 83. This figure
was obtained by plotting the results published in Ref. 20. The reflection
symmetric quadrupole-deformed orbitals (83 - 010) are given at the left of the
diagram and are labeled by the usual asymptotic quantum numbers

@(Nn_Al. For g3 = 0.0, the 89th proton in 22Tpe 1s 1in the 1/27[530]

orbital. This orbital would be the ground state of 227Ac, if the nucleus were
reflection symmetric. However, the 227Ac ground state has a spin and parity
of 3/2°. The bandhead of the 3/2 [532] configuration is -0.5 MeV below the
predicted ground state for a pure quadrupole shape. The calculated ground-
state spin depends on the parameters used in the single-particle potential.
For example, if one uses a Nilsson calculation with the parameters of Lamm3°
instead of the Saxon-Woods calculation,20 the 3/2*[651] orbital is expected to
be the ground state. Although there is uncertainty of this kind in the
theoretical level ordering, none of the calculations optimized for a broad
range of masses predicts that the 89th proton orbital at 82 = Of?7 and 83 =

0.0 is the 3/27[532] orbital.

When static octupole deformation is included, the octupole-deformed
intrinsic orbitals are degenerate parity doublets. The energy of each doublet
as a function of octupole deformation is shown in Fig. 7. Only Q remains a
good quantum number and the orbitals are labelled by Q@ and by a number that
notes their position in the static potential well,

A value of 33 = 07? has been suggested by Leander and Sheline9 for
227Ac. At this octupole deformation, the calculated energy sequence is in
agreement with the experimentally'determined energies for the 3/2*, 5/2% and
172 intrinsic levels. Furthermore, the parity-mixed orbital number 45, for

deformation 83 = 0.1, has R = 3/2 and is predominantly negative in parity (see

Fig. 7). Thus, the 3/2° member should be the ground state and the 3/2+ member
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should be the first excited state. This 1s observed experimentally. The 46th
(@ = 5/2) and 4Tth (@ = 1/2) orbitals each have comparable mixtures of
different-parity Nilsson orbitals and, therefore, the parity member which lies
lower in energy cannot be predicted from Fig. 7 alone.

Recently, Leander and Chen3? have used a non-adiabatic reflection-
asymmetric rotor model to calculate the structure of the low-lying levels in
227Ac. Coriolis and parity decoupling from quadrupole and octupole
deformations, respectively, were both taken into account.

The Hamiltonian used in these calculations 1is:

Ha=H + H + H

sp rot pair * 1/2 50(7 - P)

where Hs 1s a single-particle Hamiltonian solved for a non-zero value of

o}
static octupole deformation (53 ¥ O)T The terms Hrot and Hpair take account
of the usual nuclear-rotational and pairing dynamics, and the last term causes
parity splitting where P is the parity of the core. The value of
€o is chosen to reproduce the splitting between the states of opposite parity
in the neighboring even-even nuclei (in 227Ae €g Was taken as the average of
the values in 22Ra and 228th; 290 Kkev).

Using this model Leander and Chen have calculated level energies for the
K = 3/2% and 1/2% parity doublet bands and nuclear structure factors for the
K = 3/2i bands, and compared them with the experimental results of this
studyf3? The deformation parameters used for 227Ac are g, = 07?68. 33 = 0.1,
By = 0.094, Bg = 0.1 and Bg = 0.0052. Each of these parameters is
approximately the mean of the appropriate equilibrium values of the even-even

neighbors except 33, which 1s expected to have a larger value for 227Ac.

The results of a more recent and detailed caleulation®® of the level
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structure for 227Ac using the Leander-Chen Model are shown in Fig. 8. These
results qualitatively reproduce the level ordering observed. Although
absolute values of the energy splittings are not well reproduced, the signs of
the splitting of the parity doublets are always correctly predicted. The
discrepancies between experiment and theory for the K = 172% parity doublet
bands may be caused by the fact that the decoupling parameter for the 1/2°
band predicted by theory is -2.8 whereas experimentally it is -2.16, and for
the 1/2* band the theoretical value is 4.1 while the experimental value is
5.3. Using the many-body wavefunctionsu, one does somewhat better in
understanding the decoupling parameters of these bands.. For the 1/2* band,
one obtains a value of 4.95 and, for the 1/2° band, -1.75. The experimental
decoupling parameters were determined by taking all of the energy levels of

the K = 1/2% bands into account.3?

B. Experimental Nuclear Structure Factors and the Use of Nuclear Reaction

Spectroscopy to Test Models for 227Ac

Using one nucleon transfer reaction, one can assign specific bands in
reflection-symmetric deformed nuclei. This is because the cross-section for
populating each member of a rotational band can be calculated with reasonable
accuracy. The addition of octupole deformation to the nuclear potential
affects the wavefunctions of the states, and hence the spectroscopic strengths
for populating members of a rotational band., Thus, as a test of the existence
of octupole deformation in 227Ac, one can compare the nuclear structure
factors of the present work with those predicted for various magnitudes of 83.

Data from the present work are compared with two sets of theoretically
calculated structure factors. The first set is obtained from a reflection-

symmetric Nilsson model calculation with pairing and Coriolis effects

»
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included. The parameters used for the Nilsson calculation were ¢ = 0,058,

W= 0.646, By = 0.17, B3 = 0.0 and gy = 0.09. Emptiness factors, UZ, for the
various orbitals in the 226Ra target were estimated from the observed
excitation energies in 227Ac. assuming the Fermi surface for 227Ac was at the
position of the 3/27[532] orbital, and that for 226Ra it was ~250 keV lower.
The pairing strength parameter was A = 0.79 MeV. Coriolis mixing calculations
were performed for both the positive and negative parity bands. For positive
parity levels, the calculations were performed including all rotational bands
based on the spherical 113,2 levelt For K = T/2 and greater, the bandhead
energles were estimated from harmonic oscillator calculations and

systematics, For the three experimentally known bands, a least squares fit
was made to all of the levels of the 3/2*[651] band, to the I = 5/2 and 13/2
members of the 5/2*[642] band, and to the I = §/2, 9/2 and 13/2 members of the
1/2*[660] band. Variables in the calculation were the unperturbed bandhead
energies of the three bands, a common moment of inertia, and a decoupling
parameter; the Coriolis matrix elements were fixed at 50% of their theoretical
values.

For the negative parity levels, the Coriolis mixing calculations were
performed including the three experimentally observed bands plus K = 7/2 and
9/2 bands from the h9/2 spherical state with estimated excitation energies. A
least squares fit was made to all of the (negative-parity) experimental levels
shown in Fig. 8 except the I = 9/2 and 11/2 members of the K"=1/2" band.
Variables in the calculation were treated just as in the calculation for
positive-parity bands.

The second set of nuclear-structure factors was predicted by the adiabatie
reflection-asymmetric rotor model of Leander and Chen. There is no reduction

of Corio%}s matrix elements in this calculation. Inclusion of the standard
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reduction factor would lower the calculated structure for the 13/2+ level at
211 keV and 9/2° level at 127 keV substantially, as well as change other
structure factors, Values for the K" = 3/2=t bands are from Ref. 31 while
those for the 5/2% and 1/2% bands have been obtained more recently.2® The two
theoretical sets are compared with experimental values in Table II and Fig. 9.

Betore commenting on these results some general remarks should be made.
First, there have been no arbitrary adjustments or renormalization in either
the measured or calculated results. The comparisons involve absolute
values. Second, the experimental values have been extracted from the measured
cross sections assuming the reaction process is described by a single-step
DWBA process. It is well known, however, that multistep processes in the
reaction mechanism can be significant, particularly for weakly populated
members of bands that have a strongly populated member'.33'3u Since inelastic-
scattering events in the entrance and exit channels can effectively transfer
some strength from one band member to another, the net result is that the
strengths of weakly populated levels are often affected significantly.
Therefore, it is unrealistic to compare calculated and measured spectroscopic
strengths for levels populafed less than 10-20% of that for the most strongly
populated members of the same band. In the following discussion of the
various models, consideration should be restricted to the half dozen or so
levels for which the strengths shown in Fig. 9 are reasonably large (e.g.,
larger than ~0.2).

From Fig. 9 it is seen that a better overall description of the observed
spectroscopic strengths is obtained with the Nilsson model for 83 = 0, with
Coriolis mixing effects included. The adiabatic reflection-asymmetric rotor

model of Leander and Chen underestimates most of the largest strengths by an
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approximately constant factor of 2-3 (the excellent agreement shown in Ref. 31
was obtained by renormalizing the experimental strengths to agree with the
calculated values).
C. Alternate Model Interpretations for 227Ac

In many-body calculatiohs" for 227Ac, a ground-state parity doublet of
3/2°, 3/2+ was obtained. The calculated splitting of the doublet is 23 keV,
which is in extremely good agreement with the experimental value of 27.4
keV. This is substantially better than the value of 64.3 keV that one gets
with the static octupole model. This calculation also predicted a 5/2°, 5/2*
parity doublet having a splitting of 18 keV, with the bandhead at 470 keV. In
addition, (as noted in IV.A), this calculation gives rather good values of the
decoupling parameters in the 1/2% and 1/2” bands. These calculations do not
provide predictions of the spectroscopic strengths for comparison with the
transfer reaction data.

Recently Piepenbring32 has extended a Multiphonon Octupole Model with
B3 = O to odd-mass deformed nuclei and has made calculations for 223pc, #25pc
and 227Ac. Although no specific results are given for 227Ac, it is inter-
esting to note that for 223Ac and 225Ac the model gives the correct parity
doublets and also predicts enhanced E1 transition probabilities which vary
from band to band and from isotope to isotope. The multiphonon model further
predicts the appropriate ground state for both 223Ac and 225Ac when some of
the model parameters are adjusted. Filnally, an alpha clustering model3® has
also been proposed but thus far has only been applied to even-even nuclei,

Predicted spectroscopic strengths are not yet available for these models.
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V. SUMMARY AND CONCLUSIONS

This single-proton-transfer study was undertaken to measure the differ-
ential cross-sections and determine the energy levels of 227Ac, in order to
see If these observables yield an improved understanding of the nuclear
structure, Most of the previously observed states were seen in this research
and some additional levels were found. Bands with K" = 5/2% and KT = 5/27
have been tentatively assigned.

Earlier papers have shown that octupole effects provide a better
description of certain nuclear properties, such as level ordering and spacing,
decoupling parameters, magnetic moments, etc. However, the present experiment
shows that the spectroscopic strengths for single-proton stripping reactions
are in better agreement with predictions of the Nilsson model with no octupole
deformation. Although the model of Leander and Chen can reproduce the correct
level order and account for the observed parity doublets, the calculated
nuclear structure factors for most of the lmpértant strongly-populated levels
tend to be too small by a factor of 2-3.

The resolution obtained in the (a,t) measurements is comparable to the
best obtained in any single-proton transfer studies of heavy nuclei and is
limited largely by effects due to thickness of the target and its backing. It
is unlikely that improved charged-particle data would alter the general
conclusions that have already been made on the basis of the strongest peaks in
the spectra. However, additional experiments that could test the tentative
spin-parity and configuration assignments for the weaker states would provide
a more confident evaluation of the applicability of these models.

We wish to thank George Leander and Yong-Shou Chen for sending us their
calculations for 227Ac prior to publication. We also wish to thank George

Leander for carefully reading our manuscript and making valuable suggestions.
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Summary of results from the 226Ra (a,t) and 226Ra (3He,d) reactions.

The numbers in column 1 correspond to peaks labeled in Figs. 1 and 2.

NILSSON
ENERGY (keV) INTENSITY (CTS) MODEL

Lrt. (@) THIS woRk (P AT 70° INTERPRETATION (f)
VALUE (a,t) (3He,d) (0,t)¢ (3He,d)C IK"[Nn 4]
0 0 0 16 8 3/2 3/2°[532]
27.37 | | 3/2 3/2*[651]
29.98 30 27 49 12 5/2 3/27[532]
46.35 46 46 10 14 5/2 3/2%[651]
74,13 74 7Y 78 16 7/2 3/27[532]
84.55 85 85 26 18 7/2 3/2*[651]
109.96 110 110 120 38 9/2 3/2*[651]
126.85 127 127 324 50 9/2 3/27[532]
(160) (148+5)  (160%5) 26 <9
187. 34 187 187 30 16 11/2 3/2°[651]
198.67 199 199 19 27 11/2 3/27[532]
210.81 211 211 517 109 13/2 3/2*[651]
- 227+2 - 89 <10 ‘ |
- (249+2)9  (2u4u+5)® <10 -
271.33 | 13/2 3/27[532]
273.13 272 272 18 13 (5/2 5/27[523])
304.6 305 305 25 27 (5/2 5/2*[642])8
- 316+2 320+5 141 67 (7/2 5/27[5231)
330.02 330 330 186 166 3/2 1/27[530]
- 34245 - 59 - (7/2 5/2*[6421)
354.59 355 - 56 - 1/2 1/27[530]
- 372+ 2 377+6 260 92 (9/2 5/27[523])
387.12 387 387 372 75 7/2 1/27[530]
- 403+5 404+5 99 <10 (972 5/2*[642])
425.65 ' 5/2 1/27[660]
(uzs.u)} 428 427 14 35 :
(435.4) 172 1/2*[660]
438.0 ) 438 437 104 30 5/2 1/27[530]
469{2 469 469 30 14 9/2 1/2*[660]
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NILSSON
ENERGY (keV) INTENSITY (CTS) MODEL
LEVEL # Lrt, (@) THIS woRk (D) AT 70° INTERPRETATION (f)
VALUE (a,t)  (He,d) (a,t)° (3He,d)® IKn[Nn_A]

30 501.3 501 501 58 25

31 (508.9) - - - - 11/2 1/27[530]
32 515.2 515 515 27 7 -

33 - 528+3 523+8 138 26 (1372 5/2*[642])
34 537.2 537 537 173 . 37 3/2 1/2*[660)]

35 - 549+3 - <10 '

36 563.0 563 563 5 16

37 (576.6) 577(d) - - - 9/2 1/27[530]

38 - 593+2 589+3 1M1 42 (13/2 1/2*[660])
39 (639.1) 639 639 20 9 -

40 656.3 657 657 10

1 (698.5) 698 698 7

42 (790.0) 790 790 8 29

43 (863.6) 864 860 22 21

uy (874.7) 875 875 1 30

45 - 1068+2 106845 124 65

46 - 1091+2 1093+4 277 147

(a) The energles are average values obtained from the results quoted in Refs. 15, 16, and
17. Entrees given in parentheses are less certain because there is only tentative
evidence for the level or because the level was observed only in one previous

experiment,

(b) All known levels were fixed in the spectrum (see text) to +1 keV. Individual levels
separated by less than -5 keV could not be meaningfully isolated by the fitting
procedure (note brackets in Column 2). For such cases, energies represent the center
of gravity of the multiplet. New levels are quoted with their calculated statistical
uncertainties and with weighted average energies based on results from two or more
angles. Parentheses indicate that substantially weaker evidence for the level was

observed.

(c) To convert to differential cross section in ub/sr divide the intensity value quoted
by: (1) 10.28 for (a,t) and (2) 9.15 for (3He,d).

(d) Observed only at 40° and 60°.
(e) Observed only at 45°and 75°.

(f) Entries without parentheses are from Ref. 13. Those with parentheses are tentative
assignments from the present study. T

(g) Tentative assignment provided in Ref. 25.



Table II: Comparison between the Experimental(a) and Theoretical Nuclear Structure Factors for States in 227Ac.

2
(raC U) (zaC,,U)
E(b) I Exp'tal(c) Theory it Theory E(b) I Exp'tal(c) Theory . Theory
. Sym. Asym. Sym. Asym,
1/2%[660] 1/27[530]
435% 1/2 <0.20 0.0002 0.0600 355 172 0.12(4) 0.0146 0.0433
537 3/2 0.12(3) 0.0003 0.0050 330 3/2 0.20(3) 0.1111 0.1592
y26% 5/2 <0.02 0.0040 0.0114 438% 5/2 <0.14 0.0017 0.0052
656* 7/2 <0:011 0.0001 0.006 387 7/2 0:51(3) 0.5110 0.2007
469 9/2 0:.032(5) 0.0087 0.0121 577 9/2 0.11(5) 0.1648 0.1347
? 11/2 -= 0.0000 0.0003 (509) 1172 - 0.0743 0.0600
591 13/2 0.53(9) 0.4188 0.0276 ? 13/2 - - ==
3/2*[651] 3/27[532]
27T*% 3/2 <0.017 0.0002 0.0190 0 3/2 0.012(3) 0.0040 0.0002
46 5/2 0.009(4) 0.0200 0.0059 30% 5/2 <0.051 0.0368 0.0256
85 7/2 0.033(6) 0.0006 0.0036 T4 7/2 0.087(7) 0.0410 0:0262
110 9/2 0.12(1) 0.0659 0.0538 127 9/2 0.76(7) 0.9388 0.3364
187 11/2 0.14(3) 0.0085 0.0053 199 1172 0.06(2) 0.0246 0.0015
211 13/2 2;1({) 1.5468 0.7005 271% 13/2 <0.076 - -
5/2* [642] 5/2°[523]
305 5/2 0.017(7) 0.0019 0.0012 273% 5/2 <0.067 0.0027 0.0042
342 7/2 0.06(2) 0.0026 0.0030 317 T/2 0.18(2) 0.0216 0.0949
403 9/2 0.08(1) 0.0041 0.0125 373 9/2 0.73(4) 0.6670 0.3807
? 1172 - : 0.0050 0.0004 ? 11/2 -- 0.0117 0.0365
527 13/2 0.58(9) 0.2879 0.2016 ? 13/2 - - -=
(a) Obtained from a weighted average of the (a,t) data only.

(b)
(e)

An asterisk indicates that the spectroscopic factor is derived from the intensity of an unresolved peak

such values are upper limits.

A number in parenthesis is the statistical error in the least significant digit quoted.

€c
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FIGURE CAPTIONS

Spectrum from the 226Ra(a,t)227Ac reaction, The peaks are labeled to
correspond with energies quoted in Table I; The Nilsson quantum
numbers shown without parentheses 1nd1cate.previously assigned
bands.?3 Those with parentheses are tentative assignments made in

the pfesent work,

Spectrum from the 226Ra(3He,d)227Ac reaction., The peaks are labeled

to correspond with the energies quoted in Table I.

Deconvolution of the (a,t) spectra data: An illustrated example.

(a) The full spectrum (Fig. 1) with the shaded area noting the -
complex peak group at -350>kév to be fit. (b) The fit when peaks
corresponding only to known energles are>inserted (see Table I).

(c) The fit with peaks 18 and 22 added. (d) The final fit when beaks
20 and 24 are also addea. For this spéctrum the peak width paramter
(FWHM) was determined to-be 15 keV using peak group 12 as discussed
1n_text. In the fit illustréted here, this paramete% was held

constanﬁ in fitting the remaining peaks in the spectrum.

Spectrum from the 226Ra(p,p') reaction. The peak groups correspond
to well-known state325 in 226Ra and are labeled with their

appropriate spins and parities.

The level diagram of 227Ac. New levels observed in the present study
are shown to the right and‘are quoted with energies which are the
weighted average of the two independently measured values given in
Table I. Open squares or triangles indicate either that the level is
part of-an unresolved multiplet or that it is only weakly populated
(<2 ub at 70°). Parentheses indicate uncertain spin-parity
assignments buﬁ the spin value given is among previously established
and acceptable possibilities. The levels preceded by asterisks have
been tentatively assigned to the 5/2% parity doublet (see Fig. 8).
The 591-keV level is excited strongly in the charged particle-studies '
and cah be reasonably interpreted as the 13/2 state arising from the
1/2*(660] configuration. See text for fur ther detail.



FIG. 6:

FIG. T:

FIG. 8:

FIG. 9:

Experimentally determined ratio of the charged-particle normalization

3 J. The data are shown for the 9/2°
(°He,d)
member of the IT = 3/2° ground state and for the 13/2+ state built on

factors [K = N(a,t)/N

the IT = 3/2+ band head at 27;4 keV. Experimental ratios are plotted
as solid points with error baﬁs. Tﬁe weighted average (solid line)
as well as the associated error.of the data (broken line) are shown
for comparison., The weighted average from both sets of data gives K
=17 + 2, See text for further discussion.

Nilsson energy-level diagram for protons as a function of the
octupole-deformation parameter, 83. The shape and shading of the
points roughly indicate the parity purity of each orbital at the
appropriate value of the octupole deformation: an open square or
triangle indicates nearly pure + or - parity, respectively; a dark
circle indicates that the orbital is highly parity mixed.

Comparison of the experimental energy levels of 227Ac with those from
the non-adiabatic asymmetric rotor model of Leander and Chen. The
calculated energies (right) are connected by a thin line witﬁ thelir
presumed measured values (left). Parentheses around a spin-parity
value indicate that the spin-pafity assignment is very tentative and
is suggested solely on the basis of energy and cross section
comparisons (see also Fig. 9). Spin-parity values not in parentheses
are taken from Ref. 13. ' -

The experimental and calculated structure factors, (ZaCJ"u)2 , for
states in 227Ac. The solid bars are the experimental results of this
research; the réflection symmetric Nilsson model calculations are the
open bars to the left; the reflection asymmetric Leander and Chen
calculations, the open bars to the right. The proposed experimental
energies are noted above the results ror'each state. An asterisk (%)
shows that some or all of the measured strength may'be due to another
state(s) which cannot be experimentally resolved; a question mark

notes that no assignment has been made on the basis of this research.
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